Genomic rearrangements linked to aberrant recombination are associated with cancer and human genetic diseases. Such recombination has indirectly been linked to replication fork stalling. Using fission yeast, we have developed a genetic system to block replication forks at nonhistone/DNA complexes located at a specific euchromatic site. We demonstrate that stalled replication forks lead to elevated intrachromosomal and ectopic recombination promoting site-specific gross chromosomal rearrangements. We show that recombination is required to promote cell viability when forks are stalled, that recombination proteins associate with sites of fork stalling, and that recombination participates in deleterious site-specific chromosomal rearrangements. Thus, recombination is a "double-edged sword," preventing cell death when the replisome disassembles at the expense of genetic stability.
Introduction
At each cell division, the chromosomes must be accurately replicated and equally segregated at mitosis. DNA synthesis can be compromised when processive forks encounter replication fork barriers (RFBs). Natural RFBs occur within the rDNA and centromeric regions of many organisms (Brewer et al., 1992) and at other genomic loci such as the tRNA genes (Ivessa et al., 2003) . RFBs are caused by various situations including: specific DNA secondary structure (e.g., G-quadruplex DNA), replication converging with transcription (e.g., at tRNA genes), or tightly DNA bound nonhistone proteins (e.g., at centromeres). RFBs are also induced by DNA damage or the inhibition of replication by nucleotide depletion.
RFBs are a potential source of genetic instability and may underlie many spontaneous and induced gross chromosomal rearrangements (GCRs) (Myung et al., 2001 ). Cells employ multiple mechanisms to respond to RFBs to protect genome integrity. In eukaryotes, stalled forks are stabilized to prevent the replication machinery dissociating from the site of incorporation (Katou et al., 2003) . This is intra-S phase checkpoint dependent and the "stabilization" concept has been correlated, by chromatin immunoprecipitation analysis (ChIP), with the maintenance of replication proteins at the stall site (Cobb et al., 2003; Katou et al., 2003) . Ideally, when the *Correspondence: a.m.carr@sussex.ac.uk fork is temporarily stalled, DNA helicases or DNA repair proteins remove the obstruction and replication resumes. Thus, the replicative machinery remains associated with the reactive DNA groups, which are protected from inappropriate processing.
Irrespective of whether they are natural or induced, two types of RFBs are envisaged: those blocking replicative helicases and those interfering with polymerase processivity. The two types can be predicted to pose distinct problems requiring different responses. Where replicative helicases are able to progress beyond the stall site (interference with polymerase processivity), it is necessary to maintain coupling between the site where nucleotide incorporation last occurred and the replicative helicases. When coupling is lost, many replication proteins progress several Kb beyond the incorporation site (Katou et al., 2003) . Theoretically, this results in extensive single-stranded DNA regions ahead of the stall site. Alternatively, when the RFB impedes the replicative helicase (i.e., an intrastrand crosslink), coupling the helicase to base incorporation is unnecessary. However, it remains important that the polymerases remain DNA associated to prevent inappropriate processing.
Temporarily stalled forks need not be deleterious. However, if synthesis cannot be resumed, it may be advantageous to dissociate replication proteins from DNA, i.e., to "collapse" the fork. In prokaryotic models, this option appears to be preferred, providing additional opportunities to remove or bypass the blocking lesion using homologous recombination (HR) ( Little is known about how these HR processes operate or if they are physiological (i.e., deliberate) or pathological (i.e., unscheduled).
Natural RFBs help coordinate certain events with replication. These include rDNA transcription (Krings and Bastia, 2004) and fission yeast mating type switching (Dalgaard and Klar, 2000) . Such RFBs provide an opportunity to study specific aspects of replication fork blockage. In bacteria, replication termination is coordinated by RFBs that stall forks at defined "Ter" sites. ., 2000) .
To investigate the relationship between replication fork stalling, checkpoints and recombination, we exploited the polar RFB near the mat locus in S. pombe (Dalgaard and Klar, 2001 ). During S. pombe mating type switching, DNA replication must occur from telomere (tel) to centromere (cen). The replication termination sequence (RTS1) ensures this by blocking forks coming from the centromere side of the mat locus. We introduced RTS1 at the ura4 gene. By controlling the expression of genes required for RTS1 activity, fork stalling could be induced. This makes cell viability dependent on homologous recombination, but surprisingly, not checkpoint activity. We provide direct evidence in eukaryotic cells that stalled replication forks are targeted by recombination proteins and that this leads to recombination events and gross chromosomal rearrangements.
Results

Site-Specific Replication Fork Stalling in Fission Yeast
The polar RFB close to the S. pombe mat locus on ChrII is mediated by the 859 bp RTS1 sequence (Dalgaard and Klar, 2001 Figure 1A ) to create RuraR. Efficient autonomously replicating sequences (ars3004/ars3005) located w5-7 Kb cen-proximal to ura4 (Segurado et al., 2003) predict that replication proceeds largely cen to tel. The tel-proximal ars3003 is situated w40 Kb from ura4. To control RTS1-dependent replication arrest, either the low-strength nmt81 or the medium-strength nmt41 inducible promoter was introduced in front of either the endogenous swi1 or rft1 ORFs. The nmt promoter is "off" in the presence of thiamine and "on" in its absence (Basi et al., 1993) .
Replication intermediates ( Figure 1B ) can be visualized by two-dimensional gel electrophoresis (2-DGE). If a single-site-specific fork arrest occurs, partially replicated molecules accumulate as a "spot" on the Y-arc. Two converging forks arrested within the same fragment give a "double Y" spot. Double Y's migrate parallel to but faster than Y molecules (Friedman and Brewer, 1995) . To establish whether RTS1-mediated RFB functions at the RuraR locus, BamHI-XbaI-digested genomic DNA from RuraR swi1 + or RuraR swi1-d strains was analyzed by 2-DGE and Southern blotting with a ura4 probe. In the swi1 + strain, a "small Y spot" appeared, showing that forks stall within the fragment ( Figure 1C) . The size of these small Y molecules corresponds to fork arrest cen-proximal to ura4. Consistent with fewer replication forks progressing through the fragment when forks are arrested, the swi1 + strain shows a lower intensity of large Y signal compared to swi1-d. We conclude that RTS1-mediated RFBs are functional and swi1 dependent at the Rura4R locus.
To establish that RuraR fork stalling could be regulated by swi1 or rtf1 induction, an EaeI fragment of RuraR nmt-swi1 or RuraR nmt-rtf1 genomic DNA was analyzed using the ura4 probe plus or minus induction. With swi1 expression off, a uniform Y-arc was observed, suggesting unperturbed fork progression (Figure 1D, I (Figure 1D, III and V) . By regulating rtf1, the same replication intermediates were observed ( Figure 1E ). We conclude that RuraR-specific fork stalling can be induced by controlling swi1 or rtf1 expression.
Recombination Is Required for Cell Viability in Response to RuraR-Specific Fork Stalling
To determine the requirement for checkpoint and recombination functions in cell growth and viability, we crossed null mutants corresponding to Rhp51 Rad51 , Rad50, Rad3 ATR , Chk1, and Cds1 Chk2 into RuraR nmtrft1 or into an isogenic control ura4 + nmt-rft1 background. For recombination mutants, the smt0 background was used, in which there is no imprinting or break formed at the mat locus (Styrkarsdottir et al., 1993) . Therefore, two separate checkpoint-and recombination-proficient controls (rad + ) are analyzed. rad + RuraR nmt-rft1 and ura4 + nmt-rft1 strains showed similar growth profiles when rtf1 was either off or on ( Figure 1F and Supplemental Figure S1 available with this article online). Similar results were obtained with RuraR nmt-swi1 ( Figure 1G ). In addition, rad + RuraR strains exhibited similar growth in the absence or presence of uracil. Thus, rad + cells are able to replicate the ura4 gene when RuraR-specific fork stalling is induced and fork arrest is either transient or efficiently bypassed.
Checkpoint-deficient cells (rad3-d, chk1-d, and cds1-d) behaved similarly to rad + cells ( Figure 1F and Supplemental Figure S1 ; data not shown). In contrast, recombination mutants exhibited slow growth and lost viability in response to RuraR-specific fork stalling. When either the rad50 or rhp51 rad51 genes were deleted, the rad − RuraR nmt-rft1 and rad − ura4 + nmt-rtf1 matched strains grew with similar profiles when rtf1 was repressed (off). However, the rad − RuraR nmt-rft1 strains exhibited slow growth and decreased viability compared to the rad − ura4 + nmt-rtf1 strains when rtf1 was induced (on) ( Figure 1F ). rtf1 induction resulted in 56% viability for the rad50-d RuraR nmt-rft1 strain and 50% viability for the rhp51-d RuraR nmt-rft1 strain compared to >90% viability for the respective rad − ura4 + nmt-rtf1 controls (Supplemental Figure S1) . Thus, viability loss is not due to rtf1 expression or thiamine starvation. Similar data were obtained when swi1 was regulated ( Figure 1G ; data not shown). Thus, RuraR-specific fork stalling reduced cell viability in the absence of recombination proteins. The presence or absence of uracil did not decrease viability, indicating that this is not due to ura4 gene loss. Rad52 foci, we introduced rad22-GFP (at the rad22 locus) into RuraR nmt-rft1 and ura4 + nmt-rtf1 strains and used an in vivo chromatin binding assay (Kearsey et al., 2000). When nmt-rtf1 was off, foci were observed in w1%-3% of septated cells and 5% of mononucleate cells. When rtf1 was on in cells containing the RuraR loci, w25% of septated cells and w23% of mononucleate cells contained foci ( Figures 2C and 2D ). In the absence of the RuraR loci (ura4 + ), there was no significant change following rtf1 induction. Nuclease treatment abolished these foci (<2% of cells; data not shown). Thus, the foci induced by RuraR-specific fork stalling are likely DNA associated.
RuraR-Specific Fork Stalling Induces Recombination Foci
Together, these data show that chromatin-associated Rhp51
Rad51 and Rad22 Rad52 foci are induced by RuraRspecific fork stalling and that these are present in S phase and may persist into G2. Due to the long induction time for the nmt promoter (w12-16 hr), we have not established a precise time course. However, 24 and 48 hr after thiamine withdrawal (w2 and 9 generations after rtf1 induction and thus fork stalling), no significant difference in the number or profile of foci is seen ( Figure  2C , bottom). Thus, foci are not a consequence of rearrangements accumulating during RuraR-specific fork stalling.
Rad22 Binds to Stalled Forks
The presence of RuraR-specific Rhp51
Rad51 and Rad22
Rad52 foci suggests that recombination proteins associate with the RTS1 sequences when forks are stalled. To demonstrate this directly, we performed chromatin immunoprecipitation (ChIP) using primers within the RuraR region ( Figure 2E ). Rad22-GFP was immunoprecipitated 48 hr after rtf1 induction with α-GFP, and the relative enrichment of the four PCR products was quantified by qPCR. RTS1 sequences were not assayed directly because the RTS1 sequence at the mat locus (ChrII) is present in the genetic background. 5-to 8-fold enrichment was observed for sequences close to the cen-proximal RTS1 and 3-fold enrichment observed for the cen-distal RTS1 ( Figure 2E ).
Thus, Rad22
Rad52 associates specifically with the sites of replication fork arrest at the RuraR locus.
RuraR-Specific Fork Stall Induces Recombination
The presence of recombination proteins at RuraR-specific fork stalling sites and the loss of viability of cells experiencing such stalling in the absence of recombination proteins suggests that recombination events at the RuraR locus are responsible for RFB bypass. The RTS1 sequences at RuraR represent an w850 bp inverted repeat, separated by the w1.7 Kb ura4 gene. Intrachromosomal recombination associated with crossing over between the two repeat elements will lead to an orientation switch of the ura4 sequence. Thus, recombination can be monitored directly by Southern blot. Two restriction enzymes, BlpI and EcoRV, were chosen to monitor this possibility ( Figure 3A) . In recombination-proficient RuraR nmt-rtf1cells, if rtf1 is maintained in the repressed state for 48 hr, the pattern of bands by Southern blot indicates that the majority of cells contain the initial orientation of ura4 and <5% of DNA is found in the "switched" orientation. This w5% probably corresponds to leak-through of rtf1 transcription and/or spontaneous recombination. Following induction for 48 hr (on), w20% of the cells contain ura4 in the alternative orientation ( Figure 3B ).
To determine if the switch of ura4 orientation represented homology-directed recombination events, we assessed whether the inverted repeat was required. Two constructs representing a single RTS1 sequence, either cen-distal or cen-proximal to the ura4 sequence (Rura and uraR, respectively; Figure 3C ), were examined. Neither showed evidence of additional bands corresponding to a "switched" structure. To verify the requirement for fork stalling, we also examined RuraR in the presence or absence of the swi1 + gene. swi1, like rtf1, was required for the ura4 orientation switch. No fork stalling occurs at RuraR in the absence of swi1 ( Figure 1C) . Thus, the ura4 orientation switch corresponds to homology-directed recombination dependent on replication fork stalling.
Arrested replication forks at RuraR increase levels of recombination. We next analyzed the genetic dependency of the orientation switch. The smt0 rad + RuraR nmt-rtf1 control culture showed 40% of ura4 sequences in the alternative orientation 48 hr after rtf1 induction ( Figure 3D ). The generation time of w3.5 hr means that 4.7% of cells experienced a recombination event in one cell cycle when forks are stalled at RuraR. rad50 deletion reduced the percentage of DNA with the alternative orientation to w10% (1.2% cells/genera- tion), while deletion of rhp51 rad51 reduced the percentage to w24% (3.1% cells/generation). We also analyzed the rad22 rad52 null mutant. In the absence of rad22 rad52 , bands corresponding to the ura4 orientation switch were undetectable ( Figure 3E ). Since the rad22 rad52 null mutant showed sensitivity to induction of RuraR-specific fork stalling (Supplemental Figure  S2) , this demonstrates that the ura4 + orientation switch induced by fork stalling required recombination. The modest decrease observed for the rhp51 rad51 null mutant is consistent with observations in budding yeast that show that recombination between inverted repeats is largely RAD51 independent (Symington, 2002) . The data are also consistent with a Rad22-promoted strand invasion pathway independent of Rhp51 that was recently identified in S. pombe (Doe et al., 2004) . To characterize the nature of this genetic instability, primers were designed to amplify a potential junction between chromosomes II and III that would result from ectopic recombination events between RTS1 sequences at RuraR (ChrIII) and the mat locus (ChrII) ( Figure 4B , top left). We also designed primers to amplify the ura4 coding sequence and, as a control, the essential rng3 gene positioned w30 Kb tel-proximal to ura4 ( Figure  1A) . In controls reactions ( Figure 4B, top right) , ura4 sequences were amplified from the rad + RuraR strain, but not from a ura4-D18 deletion strain. rng3 was amplified from both strains. The potential junction between ChrII and ChrIII was not amplified. Using these PCR reactions, we analyzed 5-FOA R colonies obtained from rad + RuraR nmt-rtf1 cultures either without rtf1 induction (off) or following induction (on) ( Figure 4B ). All of the 5-FOA R colonies contained rng3 (+ve control). 36% of 5-FOA R colonies derived from uninduced cultures (no fork stall at RuraR) did not amplify ura4 and were thus assumed to represent deletions. In contrast, when rtf1 was induced (fork stalling at RuraR), 80% of 5-FOA R did not amplify ura4. Finally, the ChrII-ChrIII junction fragment was amplified in only 2% of 5-FOA R colonies derived from uninduced cultures and this rose to 69.1% in 5-FOA R colonies derived from rtf1-induced cultures (Figures 4B and 4G) . The PCR products obtained were sequenced to confirm specificity. Thus, RuraR-specific fork stalling results in ura4 gene deletion and chromosomal rearrangement. In both categories, gene conversion events near the recombination initiation point would be expected. We probed the PFGE membranes with a 125 bp probe from ChrII immediately adjacent to RTS1 ( Figure 4C ). As expected, only ChrII was revealed in the control strains RuraR and 501. The one 5-FOA R colony analyzed that did not show the ChrII/III junction by PCR (third lane, Figure 5C ) also only revealed ChrII. In contrast, both the modified chromosomes (type 1) or both ChrII and ChrIII (type 2) were revealed in 5-FOA R colonies that were PCR positive for the ChrII/III junction. This strongly suggests that the ChrII/III junction fragment results from gene conversion events either associated with (modified chromosome sizes) or not associated with (unmodified chromosome sizes) crossing over. The same membrane was probed with rng3 sequences to analyze the position of a marker flanking the recombination initiation point by w30 Kb. Only ChrIII was revealed in the control strains RuraR and 501. In the strains derived from noncrossover gene conversion, only ChrIII was revealed, consistent with distant flanking markers not being exchanged. In strains derived from gene conversion associated with crossover, rng3 was located on the smallest chromosome, confirming that ChrII and ChrIII arms were reciprocally exchanged.
Fork Arrest Induces Chromosomal Rearrangements
To ascertain the extent of gene conversion in the type 2 nonreciprocal exchange events, we used quantitative PCR to estimate the relative abundance of DNA telomere proximal to RTS1 on ChrII for four independent colonies. Between 22.5 Kb and 25 Kb of DNA was represented approximately 2-fold ( Figure 4D) , suggesting an extensive gene-conversion tract. Analysis of 14 separate type 2 recombinants by Southern blot using either ura4 or the ChrII fragment as a probe demonstrated a common restriction pattern for most (12) of the events and confirmed that ChrII was not rearranged in type 2 nonreciprocal exchanges (data not shown). Thus, the majority of events represent a common rearrangement.
We next analyzed ura4 loss in recombination mutants. First, we scored 5-FOA R in the smt0 rad + RuraR nmt-rtf1 strain and in corresponding rad50-d and rhp51-d mutants ( Figure 4E ). The 5-FOA R rate was induced 5-fold by rtf1 induction in the smt0 rad + strain (p = 0.0001) (this compares to 10-fold in the h − rad + strain, indicating that the status of the mat locus influences this assay). However, no significant 5-FOA R induction following rtf1 induction was observed in the ab- Figures 4F and 4G ). In the rad50-d mutant, no positive derivatives were observed among the 50 events analyzed. This strongly indicates that recombination proteins are required for the ectopic recombination between RTS1 sequences that is associated with RuraR-specific replication fork stalling. We conclude that equivalent molecular events underlie 5-FOA R whether or not forks are stalled at RuraR when recombination functions are absent. In contrast, in recombination-proficient cells, RuraR-specific fork stalling induces ectopic recombination and gross chromosomal rearrangements.
A Single Replication Fork Barrier Induces a Requirement for Recombination for Viability
Stalling replication in the context of the w850 bp RuraR inverted repeat caused recombination protein association, high levels of recombination, and a requirement for recombination for cell viability. To establish whether a single replication fork barrier at the same locus produced a similar requirement for recombination functions to maintain viability, we tested uraR (cen-proximal) and Rura (tel-proximal). This revealed a requirement for recombination that correlated with the anticipated extent of fork pausing based on the expected direction of replication (pause will be prevalent at uraR, but rare at Rura). Chromatin IP also demonstrated that the Rad22 Rad52 associated with a single stalled fork at uraR (Figures 5A and 5B) . This raised the question as to whether the endogenous RTS1 sequence within the mating type locus on ChrII associated with recombination proteins when replication pauses, although this is expected to occur infrequently (Dalgaard and Klar, 2001 ). We used chromatin IP to assay Rad22
Rad52 association at this site. Contrary to the RuraR loci, no Rtf1-dependent induction of Rad22 Rad52 binding was observed at RTS1 associated with the MAT locus. However, a 3-to 4-fold increased "basal" association was implied ( Figure 5C ). Finally, a single replication block on ChrIII (uraR) in the absence of the endogenous RTS1 sequence on ChrII was also associated with Rad22
Rad52 when rtf1 was induced ( Figure 5D ). This establishes that recombination is a feature of stalled forks and does not require the presence of repeated sequences.
Discussion
We have established an assay to induce replication fork stalling at a specific locus by transcriptional induction of either rtf1 or swi1. We have used this system to show that cell viability requires recombination processes, but not DNA-structure integrity checkpoints. We further demonstrate that a stalled fork is a recombinogenic structure because (1) recombination proteins associate with the site of fork stalling, (2) fork stalling dramatically induces intrachromosomal recombination, and (3) stalled forks lead directly to gross chromosomal rearrangements.
DNA Structures Induced by Replication Fork Stalling
We identified four distinct replication intermediates in response to fork stalling at RuraR using 2-DGE ( Figure  1 ). 1 and 2 correspond to forks stalled either at the cenproximal or tel-proximal RTS1 sequence. 3 corresponds to a double Y structure, when replication forks stall at both RTS1 sequences. 4 migrates as an X-shaped structure and most likely is a signature of recombination corresponding to a Holliday junction.
Published work suggests that RuraR will be replicated from cen to tel (Segurado et al., 2003) . This is consistent with the increased intensity of intermediate 1 compared to 2. The faint double Y spot (3) suggests that forks rarely stall at both positions on the same molecule, and thus either that fork stalling is transient or that stalled forks are rapidly processed. We favor rapid processing because this is consistent with the following properties of RuraR-specific fork stalling: (1) recombination foci are highly induced; (2) recombination mutants reduce cell viability by w50%; (3) intrachromosomal recombination is highly induced; and (4) X-shaped recombination structures are induced with similar kinetics as fork stalling. Rad52 is recruited to stalled replication forks. We also observed stallingspecific induction of Rhp51 Rad51 and Rad22 Rad52 foci. Because Rad50-, Rhp51
Recombination Proteins Are Recruited on Stalled Replication Forks
Rad51 -, and Rad22 Rad52 -dependent recombination occurs at RuraR-arrested forks (see below), we suggest that, as in prokaryotic cells (Michel et al., 2004) , recombination proteins bind stalled forks to generate recombination events that help bypass fork arrest. The requirement for recombination for viability is not a consequence of the inverted repeat at RuraR since a single cen-proximal RTS1 (uraR) shows a similar requirement and associates with Rad22
Rad52 . This contrasts with the single endogenous RTS1 pause site at the MAT locus. Interestingly, Rad22
Rad52 was enriched at this site in the absence of pausing. This implies a specialized control of recombination, possibly mediated by the distinct chromatin conformation of the MAT locus. Importantly, Rad22
Rad52 binding to forks stalled by RTS1 does not require homologous sequences, as Rad22
Rad52 associated with a single cen-proximal stalled fork on ChrIII in the absence of the endogenous ChrII RTS1.
As an alternative to generating recombination events to help bypass fork arrest, recombination proteins at stalled forks may function independently of any require-ment to induce local recombination events. For example, they may stabilize the replication fork by protecting ends of newly synthesized strands from nuclease attack, thus allowing time for specialized helicases to remove DNA-protein complexes. Such a possibility is attractive, as replication arrest would be resolved without strand exchange, minimizing the potential for deleterious genetic rearrangements (see below). 
Stalled Replication Forks Lead to Increased Level of Recombination
Conclusion
Using site-specific replication fork stalling, we demonstrate that forks stalled by nonhistone-protein/DNA complexes lead to recombination and promote gross chromosomal rearrangements and that recombination is required for cell viability. Recombination also causes deleterious recombination events and genomic instability. This reveals the "double-edged sword" of recombination: it can restore replication when the replisome disassembles, but at the expense of potential genetic instability.
The human genome contains large families of highly repetitive DNA. Because replication-associated recombination can cause inappropriate ectopic recombination, this suggests that recombination must be closely regulated. Human cancer is commonly associated with genomic rearrangements, and errors in recombination are also associated with several inherited diseases (Shaw and Lupski, 2004 ). In our experiments, checkpoint functions did not influence cell viability during fork stalling. However, checkpoint proteins influence the resolution of late recombination structures (Caspari et al., 2002) . This suggests that future experiments to determine how the outcome of recombination initiated by stalled replication is directed will offer insights into the etiology of cancer and genetic diseases.
Experimental Procedures
Genetics and Cell Biology Techniques
Strains were constructed by standard genetic techniques. Indirect immunofluorescence microscopy was performed according to a previously described protocol (Caspari et al., 2000) . α-Rhp51 antibody was diluted at 1:400. For Rad22-GFP visualization, an in vivo chromatin binding assay (Kearsey et al., 2000) was employed. For nuclease treatment, benzonase was used at 25 U/ml in 250 mM NaCl for 30 min at RT. To determine the percentage of cells with Rhp51 or Rad22 foci, >300 nuclei were visualized for each sample. For ura4 loss assay, a minimum of 10 independent single colonies from appropriate strains growing in the absence or presence of thiamine were inoculated in 10 ml of nonselective media (either + or -thiamine) and grown to stationary phase. Appropriate dilutions were plated on supplemented YEA to determine the number of viable cells. To select for ura4 − , 1 × 10 7 cells were plated on YEA supplemented with 5-fluoroorotic acid. Colonies were counted after 5 days at 30°C. The rate of ura4 loss was determined with the method of the median. Statistical significance was detected using the nonparametric Mann-Whitney U test. 
Molecular Biology Techniques
